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Abstract

Hipothyroidism causes mental retardation secondary to changes in the organization of the CNS. These changes affect higher brain
functions for which interhemispheric transfer of information is crucial. In present study, the anterior commissure (AC) and corpus
callosum (CC) of normal (C) and hypothyroid (H) rats has been examined using quantitative electron microscopy. H rats received an
antithyroid treatment with methimazole from embryonic day 14 (E14) and surgical thyroidectomy at postnatal day 6 (P6). In the AC,
the number of axons (unmyelinated and myelinated) increased from 0.17 x 10® axons at E18 to 1.08 x 10° axons at P4 and it was almost
the same at P180 (1.01 x 10® axons). In H rats the number of axons between P14 and P180 was similar to that of C rats. In contrast,
there were only 0.11 x 10° myelinated axons at P180 resulting in a 66°; reduction with respect to C rats (0.36 x 10° axons). In the CC
of C rats, the number of myelinated axons increased from 1.76 x 10 axons at P12 to 3.34 x 10° axons at P184. In H rats, there were
only 0.84 x 10° axons at P184 resulting in a 76°%, reduction with respect to C rats. This reduction was more important in the poste-
rior sector of the CC (95°%,) than in the rest (on average 63%;). Therefore these results show that thyroid hormones play an impor-

tant role in the processes involved in the maturation of commissural axons.
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1. Introduction

It has been postulated that high mental functions are
mostly localized in the cerebral cortex and that transfer of
information between the cerebral hemispheres plays a cru-
cial role in cognitive and associative processes, e.g. [12].
Hypothyroidism in developing rats (H rats) damages the
cortical cytoarchitecture [8,14,16,17] and the maturation
of individual neurons by affecting development of den-
drites [14.18], synthesis of microtubule-associated pro-
teins [ 11,34], distribution of dendritic spines [39], num-
ber of microtubules and their spatial arrangement [4]. In
addition, changes in the pattern of callosal connections
between visual [21], somatosensory [21] and auditory
cortical areas [8] have been reported recently. All these
changes must be relevant to the retardation of the acqui-

' Some of these data have been first presented at the 14th Annual
Meceting of the European Neuroscience Association, held in Cambridge,
UK. on 8-12 Scpiember, 1991.
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sition of innate behavioural responses and delayed
adaptative behaviour observed in H rats [15] and might
be applicable to the mental retardation characteristic of
early hypothyroidism in humans.

How thyroid hormones (TH), 3,5,3'-triiodothyronine
(T3) and thyroxine or 3,5,3",5"-tetraiodothyronine (T4),
influence the normal development of neurons and glial
cells is still under study. T3, the active form of TH, enters
the nucleus and regulates gene expression by binding spe-
cific c-erbA receptors [10,31]. The expression of these
receptor mRNAs in the rat brain is very specific in the
developing rat brain [10,31]. In H rats, the expression of
myelin-associated glycoprotein (MAG), proteolipid pro-
tein (PLP) and myelin basic protein (MBP) in oligoden-
drocytes is significantly altered [19,33]. Other metabolic
alterations have also been observed in H rats, resulting in
changes in the maturation of neurons and glial cells dur-
ing development (see Dussault and Ruel [13] for review).

In the development of corticocortical interhemispheric
connections axons that will form permanent connections
must find their target cells and then be stabilized and
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mature. It has been postulated that stabilization and matu-
ration of axons are interrelated [27]. This hypothesis can
be tested in H rats in which many aspects of axonal matu-
ration are severely affected. However, there are few data
on the number of axons in the forebrain commissures of
C and H rats [22,24]. In this report, we have quantified
the number of axons in the CA and the CC in C and H
rats. These results have been compared with those con-
cerning the organization of callosal connections [8,21].

2. Materials and methods
2.1. Experimental hypothyroidism

Pregnant Wistar rats receibed an antithyroid treatment
with 0.029%, methimazole (Sigma; MMI) in the drinking
water. Treatment began at embryonic day 14 (E14; vagi-
nal plug appeared at E0Q) and continued after birth ( = E22),
until postnatal day 9 (P9). From P9 onwards (3 days after
thyroidectomy, see below), 19, calcium gluconate was
added to the MMI solution and it was maintained until the
rats death. In addition to the MMI treatment, ether an-
aesthetized rats were subsequently thyroidectomized at P6
following a procedure already described [44]. Litters were
equated to § pups at PS8.

Hypothyroidism derived from thyroidectomy was as-
sessed by control of body weight (b.wt.) and from tissue
determination of TH by specific radioimmunoassays
adapted for rat samples [35]. In H rats, b.wt. increased
slightly with age from 20 g at P10 to 150 g at P180-184
and remained well below C values (463 g at P180; Fig. 1).
At all ages, the concentrations of TH were lower in H than
in C rats (Fig.2). In H rats, there was on average
0.48 + 0.28 ng of T3/g of tissue (1.35 + 0.15 ng/g in C rats)
and 0.12 + 0.08 ng of T4/g of tissue (1.5+0.5 ng/g in C
rats).
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Fig. 1. Evolution of body weight (b.wt.) in C and H rats as a function
of age. In C rats, there is an increase in b.wt. with age. In H rats, b.wt.
increases slightly and remains well under C values.
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Fig. 2. Concentrations of T3 and T4 i1 C and H rats, Levels of T3 and
T4 are lower in H than in C rats.

2.2. Conventional electron microscopy

In this study, 26 C and 24 H female rats were studied
at ages between E18 and P184. C and H rats were deeply
anaesthetized with Imalgéne 100 {Rhone Mérieux; 0.15 ml/
100 g b.wt.) and perfused with 0.0029, CaCl; and 0.1M
sucrose in 0.12M phosphate buffer (pH 7.3), containing
paraformaldehyde and glutaraldehyde at variable concen-
trations depending on the age of the rat (for concentra-
tions see Berbel and Innocenti [5]). The brain was re-
moved and sagittally sectioned with a vibratome in 500
um-thick slices. The most medial slice of each rat was
postfixed in 2%, osmium tetroxide and 7%, glucosein 0.12
M phosphate buffer (pH 7.3) for 2 h, en bloc stained with
1% urany! acetate in 0.08 M maleate buffer (pH 4.5-4.6)
for 1.5 h, gradually dehydrated through ascending etha-
nols and embedded in Epon-Araldite. Ultrathin sections
were stained with alcoholic uranyl acetate and aqueous
lead citrate, and studied and photographed with a Zeiss
EMI10C/CR electron microscope.

2.3. Quantitative analysis

In the CC, axons were counted following a procedure
already described [5]. Each CC was divided into three
sectors (anterior, middle and posterior). The transversal
area of each sector was measured in outlines made from
semithin-sections obtained near the mid-sagittal plane.
Differently from this previous study, each sector was ran-
domly microphotographed at 16,000 x . In total, 20 mi-
crophotographs (free of blood wessels and cell bodies) of
29 um® mean area each were taken per sector. From these
microphotographs, the mean density of processes was cal-
culated. The estimation of the total number of processes
per sector was obtained multiplying the mean density of
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processes per sector by the area of each sector (free of
blood wessels and cell bodies). The total number of pro-
cesses of the CC was estimated by adding the number of
processes of each sector. For the estimation of the total
number of axons in the AC we used a similar procedure.
The AC was divided into 20 consecutive square sectors.
Approximately in the centre of each sector a microphoto-
graph (free of blood wessels and cell bodies) at 16,000 x
was taken covering a mean area of 29 um? The total
number of axons was estimated multiplying the mean den-
sity of axons by the mid-transversal area (free of blood
wessels and cell bodies) of the AC obtained from semithin
sections. Due to the low density of myelinated axons found
between P12 and P55 (see Results), for the calculation of
the density of myelinated axons, the AC was sampled in
10 evenly spaced microphotographs taken at 2,500 x and
covering an area of 267 um? each one.

3. Results
3.1. Anterior commissure

In the AC, the total number of axons (unmyelinated and
myelinated) was similar in C and H rats (Fig. 3). In C rats,
the number of axons rapidly increased from E18 (168,500
axons) to P12 (1,155,700 axons) and remained almost
constant after (964,400 axons at P180). A similar number
of axons was observed in H rats, there were 931,500 axons
at P14 and 841,800 axons at P180 (Fig. 3).

The number of myelinated axons was strongly reduced
in the AC of H rats (Fig. 4). Myelinated axons were firstly
observed at P12 in C and at P14 in H rats. In C rats, the
number of myelinated axons rapidly increased from P12
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Fig. 3. Estimated number of axons in the AC as a function of age in C
and H rats. The axon number is similar between C and H rats. It rap-
idly increases between E18 and P12 and then remains almost constant.
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Fig. 4. Estimated number of myelinated axons in the AC as a function
of age in C and H rats. Note the rapid increase in axon number between
P12 and P59 in C rats. In H rats, a mean 66°, reduction in the num-
ber of myelinated axons is observed at P180.

(3,300 axons; 0.3%) to P59 (186,900 axons; 17.4%) and
more slowly after (309,400 axons at P180; 32¢). In H
rats, the number of myelinated axons increased from
P14 (6,000 axons; 0.64%) to P40 (83,700 axons; 7.6%,)
and slightly after (106,900 axons at P180; 12.7°), result-
ing in a 669 reduction at P180 with respect to C rats
(Fig. 4).

3.2. Corpus callosum

In all sectors of the CC, the number of myelinated axons
was strongly reduced in H rats (Fig. 5). In C rats, myeli-
nated axons were firstly observed in the anterior and me-
dial sectors at P12 and in the posterior sector at P17. In
H rats, they were observed in all sectors at P14. In C rats,
the number of myelinated axons rapidly increased in the
anterior and medial sectors from P12 (1,765 axons; 0,01%)
to P59 (889,013 axons; 6%) and more slowly after
(1,017,006 axons at P180; 8.6°,; Fig. Sa,b). In the poste-
rior sector, they progressively increased in number from
P17 (47,324 axons; 0.3%) to P184 (1,355,980 axons;
11.3%; Fig. 5¢). In H rats, the number of myelinated axons
progressively increased in the anterior and medial sectors
from P17 (9,280 axons; 0.06%;,) to P184 (381,773 axons;
2.89;), resulting in a 63°% mean reduction at P184 with
respect to C rats (Fig. 5a,b). In the posterior sector, they
only increased in number from P17 (2,434 axons; 0.03°;)
to P184 (78,235 axons; 0.5%,), resulting in a 95°, reduc-
tion at P184 with respect to C rats (Fig. 5¢). The propor-
tion of myelinated axons was lower in the posterior sec-
tor than in the rest of the CC. At P184. the overall mean
reduction in the number of myelinated axons was 76%;
(Fig. 5d).
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Fig. 5. Estimated number of myelinated axons in the anterior (a), middle
(b) and posterior (c) sectors of the CC as a function of age in C and H
rats. Totals are shown in “d”. Note the rapid increasc in axon number
between P4 and P59 in C rats in all sectors of the CC. In H rats, a mean
76%, reduction in the number of myelinated axons is observed at P184
(d); this reduction is still more important in the posterior sector of the
CC. Open symbols in “d” represent data from Gravel et al. [22].

4. Discussion
4.1. Experimental hypothyroidism

As soon as E16, nuclear TH receptors in the brain
reaches normal foetal level, approx. 309, of the adult [36].
In this study, MMI was administered to H rats from E14
onwards, before the onset of neocortical neurogenesis at
E16 [9]. In H rats, the levels of TH in brain tissue were
low. However, some amounts of T3 were still present
(Fig. 2) which may have an exogenous origin from food-
pellets, obtained from animal proteins, as previously dis-
cussed [8].

In addition to TH, other hormones and hormone-
dependent metabolites are unbalanced in H rats [1,2,15,
32]. In particular, there is a decrease in growth hormone
which may produce some brain damage and is the main
cause of arrested body growth [25,26,40]. Furthermore, H
rats may be undernourished which in turn may also induce
mental retardation [3].
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4.2. Evolution of number of commissural axons

The number of axons progressively increased in the AC
with the age in C and H rats, and this also occoured inr the
anterior limb of the AC of the mouse {41]. Experiments
using tracers [30] describe also a progressive development
of the AC in the hamster. In contrast, in the CC of the cat
[5], monkey [29] and rat [22], and in the AC of the
monkey [28] there was an overproduction of axons fol-
lowed by an important loss of transitory axons. However.
in the AC of the rat it might also occur a significant loss
of transitory axons during development. compensated by
an increase of commissural axons at the same time. Such
increment of new axons should. however, be tested in
further experiments.

4.3. Thyroid hormones and axonal maturation

In C rats. our data on the number of myelinated axons
agree with those obtained by Gravel et al. [22] at- P25 and
P60. However, in H rats, Gravel et al.’s estimates are well
below ours (e.g. 88,000 axons at P60 [22] vs. 421.000
axons at P35, this study). Our estimates might be influ-
enced by the TH content in H rats, but they are probably
more affected by the sampling procedure. In the present
study, due to the low density of myelinated axons observed
in C and H rats between P12 and P55, the sampling area
was increased to 267 um® and the number of samples per
rat increased to 10. Therefore, probably our data are more
precise estimates of the total number of myelinated axons
although some differences between rats must not be ex-
cluded.

In a parallel study [8] using horseradish peroxidase
alone (HRP) or coupled to wheat germ agglutinin (WGA-
HRP), it has been observed that auditory callosally pro-
jecting neurons were mostly found in deeper cortical layers
and that they were more densely and evenly distributed in
H than in C rats. In addition, axons anterogradely labelled
from the contralateral hemisphere acquired an abnormal
distribution between layers I and 111 in H rats [8]. Results
in some respect similar to these were observed also in
callosal projections of the visual and somatosensory cor-
tical areas [21].

In H rats, the density of callosally projecting neurons
was significantly increased [8]. This increase in the den-
sity of retrograde labelled callosal neurons in the auditory
cortex might simply reflect an overall increase in cortical
cell density in H rats, as has been observed in other cor-
tical areas [17,18]. Actual estimates of cell numbers in the
auditory areas are difficult to obtain since their borders arc
not clearly visible in Nissl-stained sections.

In rats, as in many other mammals, the adult distribu-
tion of callosally projecting neurons is due to a localized
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and selective loss of callosal projections {for review see
Innocenti [27]). Therefore, the even distribution of callos-
ally projecting neurons observed in adult H rats might be
the result of the maintenance of transitory juvenile callosal
projections [8,21]. The development of permanent cal-
losal axons implies the transition from a juvenile-labile to
an adult-stable state which for most of the axons involve
a series of consecutive developmental steps including the
maturation of several cytoskeletal proteins [20,23,37,38],
the increase in axon calibre [6] and the myelination of
some of them [5]. In H rats, the maturation of some
cytoskeletal components is delayed or does not occur
[11,21.34] and the same applies for the growth of axon
calibre [24] and myelination [22,24]. Therefore, in H rats,
stabilization of juvenile axons may be dissociated from
cytoskeletal maturation and myelination which were pre-
viously thought to be necessarily linked [27], see [8] for
discussion.

In the forebrain commissures, maturation of oligoden-
drocytes might also be affected in H rats as occurs in the
cerebral cortex. In the cortex, the expression of MAG,
PLP and MBP in oligodendrocytes is strongly reduced
[19.33] (see Introduction). In addition, in H rats [7], the
total number of oligodendrocytes is reduced in the AC and
probably the same occurs in the CC. These data indicates
that the decrease in the number of myelinated axons ob-
served in H rats is not exclusively due to an impairment
of axonal maturation but also to a damage in glial matu-
ration and proliferation.

These changes can affect the structure and function of
sensory arcas connected through the cerebral commis-
sures. At least in part, they might be responsible for deaf-
ness [42] and audiogenic seizures [43] associated to
hypothyroidism.
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